In a hydrothermally active ocean basin, vigorous hydrothermal circulation in highly permeable basement rocks maintains a nearly constant temperature at the base of the overlying accumulating sediment section. To investigate the thermal effects of sedimentation in such geological settings, we have developed a simple onedimensional finite element model and applied it to cases in the northeast Pacific. The model accounts for differential motion of fluids and sediment grains during compaction, and can be used with any porosity-depth function. Results demonstrate clearly that the constant basal temperature of an accumulating sediment section, maintained by convective heat transfer in the basement, causes the section to remain thermally near steady state for even very high rates of accumulation, particularly when compared to conditions 'estimated for a section where heat is transported in the basement by conduction. A 10-kyr period of thermal recovery due to the highly diminished sediment supply during the post-Pleistocene further reduces the thermal effects of sedimentation by a significant amount. Only in rare cases where rates of accumulation exceed 10 mm yr-l and sediment thicknesses exceed 1 km are the sea-floor heat flow and temperatures at depth diminished significantly. An example is found in Middle Valley of the Juan de Fuca Ridge, in a part of which over 2 km of sediment has accumulated in the past 200 kyr. Even in this extreme case, the heat flow is estimated to be lower than that of the steady state by about only 15 per cent. While rates of accumulation are also high in other parts of Middle Valley and in many other hydrothermally active areas, such as Guayamas Basin, Escanaba Trough and the eastern flank of the Juan de Fuca Ridge, these rates and the accumulated sediment thicknesses are found to be insufficient to cause appreciable thermal anomalies.
INTRODUCTION
Marine sediment can accumulate at rates that are sufficiently high to cause low thermal gradients near the sediment surface. In such instances, the heat flow measured through the sea-floor is diminished and temperatures estimated at depth by simple extrapolation of near-surface gradients are erroneously low.
The magnitude of the thermal effect of sedimentation depends not only on the sedimentation history and the physical properties of the sediment, but also on the means by which heat is supplied to the base of the thickening sediment section. In most cases, heat is transferred to the sediment section from the crust mainly by conduction. In many young ocean basin settings, however, the igneous basement rocks on which the sediment accumulates may be sufficiently permeable for hydrothermal circulation to transport heat to the sediment section much more efficiently than by conduction alone. In these cases, regionally uniform temperatures appear to be maintained at the interface between the igneous basement and the sediment section. Such conditions have been inferred to exist from co-loc ited seismic reflection and heat flow observations at sites up to 3.5Ma in age on the eastern flank of the Juan de Fuca Ridge (Davis ef al. 1989; and within a sedirnented rift valley at the northern end of the Juan de Fuca Ridge (Davis & Lister 1977; Davis & Villinger 1992) . In the former case, estimated sediment-basement interface temperatures fall within a limited range from about 60-70°C in spite of large local variations in sediment thickness spanning roughly an order of magnitude (100-1000111). The uniformity of temperature is inferred to be the result of vigorous pore-fluid circulation in the upper igneous crust which is hydrologically sealed by relatively impermeable and continuous sediment cover. The value of temperature is presumably controlled by the age-dependent lithospheric heat flow and the regional average of the sediment thickness. In sedimented rift valley settings, a similar situation exists. The sediment with a relatively low permeability forms an effective hydrologic seal, and vigorous hydrothermal circulation in the much more permeable upper igneous crust maintains nearly uniform temperatures at the base of the sediment section, despite large thickness variations. In this case, however, heat is supplied by magma or recently intruded hot rock, and upper crustal temperatures are at levels commonly found in ridge-crest hydrothermal systems of 300-350 "C.
Different mathematical models have been developed to account for the thermal effect of sea-floor sedimentation. Von Herzen & Uyeda (1963) used an analytic model of sedimentation, in which a half-space having an initially uniform thermal gradient moves with respect to an isothermal (sea-floor) boundary, which is also commonly used for sedimentation correction in continental heat flow work (Jaeger 1965) . A thermally and kinematically more complete model, developed by Hutchison (1985) , accounts for the contrast between the thermal properties of sediment and those of the underlying igneous oceanic crust, the variable properties of the sediment section with depth, and fluid expulsion during normal consolidation. This model is applicable to most ocean basin and passive continental margin settings where heat is transferred to the base of the sediment section by conduction.
To model the effect of sedimentation in hydrothermally active young ocean basin settings, where heat is transported to the sediment section primarily by convection, a different model is required. We have extended Hutchison's theory and developed a simple one-dimensional transient numerical model and applied it to various cases in the northeast Pacific. In this model, the sediment accumulates above a boundary that is maintained at a constant temperature through time. Although this basal temperature may decrease with increasing Yithospheric age, such changes take place on a time scale with orders of magnitude larger than that of the sedimentation history we consider. Therefore, the use of a constant basement temperature is justified.
A SIMPLE THERMAL MODEL OF SEDIMENTATION O N ISOTHERMAL BASEMENT

Thermal model
In order to evaluate the thermal effects of sedimentation in hydrothermally active basins, we consider an idealized one-dimensional model in which the upper and lower boundary of an expanding sediment section are maintained at constant temperatures. The temperature distribution in the sediment is controlled by three processes: (1) the two boundary isotherms move apart, reducing the overall thermal gradient; (2) colder sediment moves downward relative to the sediment surface, depressing the isotherms; and (3) pore water is expelled from and moves upward relative to the compacting sediment, reducing the effect of advective heat transfer by the sediment.
The analysis developed here is a variation of Hutchison's theory of one-dimensional heat transfer in sediment during compaction (Hutchison 1985) . In common with many other decoupled geological thermal models involving deforming materials, this method first specifies the kinematics of the mass movement then solves the remaining heat transfer problem. The crucial simplifying assumption made here is that the porosity of the sediment is a decreasing function of depth only; i.e. at any time, for whatever sedimentation rate and sediment thickness, the porosity-depth profile is always the same. In the cases of extreme sedimentation rates, some under-consolidation may occur (e.g. Bethke 1986 ), but the effect on the porosity profile is probably small. By further neglecting the compressibility of sediment matrix material and of the pore water, the constant porosity-depth profile uniquely determines the patterns of pore water flow and sediment deformation at any given time.
Following Hutchison (1985), we set up the Eulerian depth coordinates z by fixing the sediment surface at z =O. Sedimentation causes the sediment-basement interface z = B (and the overlying sediment column) to move to greater depths in this system. It is easily observed from the conservation of mass that for any pair of depths z1 and z2, where @ is porosity, u represents velocity, and subscripts s and w denote sediment and water, respectively. Sediment and water velocities are readily determined from the boundary conditions, and B is determined by solving
Two physical situations need be differentiated in determining the sediment and water velocities from the boundary conditions: (a) specified sediment deposition rate uo = u,(O, r), and (b) specified sediment accumulation rate ub = u,(B, t ) = u,(B, t ) . In situation (a), the supply of sediment is assumed to be known, as in the case of sedimentation on a cooling oceanic lithosphere (WutcKkon 19985) . Because of the compaction of sediment, uh becomes smaller at larger sediment thickness for a given uo ( Fig. 1) . At any depth, ub and us can be determined from uo using (1) and u, in turn is given by (2) using ub. In situation (b), the basement subsidence rate relative to the sediment surface is given. Because of the compaction of K TIME Figure 1 . where pc is specific thermal capacity (density and specific heat), A is thermal conductivity and Q is heat generation; a bar at the top denotes the average property of the matrix and pore-fluid mixture. For sediment and 1 is given as a function of A, , , , A,, and 9, as discussed below. The second equality in (5) is a direct result of equations (1) and (2). Equation ( This problem is resolved by both allowing the grid to deform and by adding new elements to the bottom of the model when necessary, so that the growth of the sediment layer can be accurately modelled. Some details about the numerical techniques are given in the Appendix.
Sediment physical properties
The primary constraints on the sediment thermal properties and on the solid and fluid settling velocities during sedimentation and consolidation, are porosity and average grain thermal conductivity. For the modelling described in this paper, values for these parameters derived by Davis & Villinger (1992) for the sediment of the Juan de Fuca Ridge region were used. The porosity values (shown in Fig. 2 ) at discrete depths were derived from seismic velocities determined from multichannel seismic data and from a velocity-porosity relationship that was based on data from Jarrard et al. (1989) and Han et al. (1986) . Hutchison solved equation (3) for a special case of exponential porosity-depth function. Although the exponential porosity function is widely used, a reciprocal cubic function gave a better fit to the data of Davis & Villinger (1992) and is used here ( where qjo is sediment surface porosity and a, p, and y are all constants. A lower limit of 15 per cent porosity was also imposed, although in all cases, the results are relatively insensitive to the exact shape of the porosity-depth function. of a two-phase complex give similar results (e.g. Budiansky 1970; Brailsford & Major 1964) . In the calculations made for this paper, the geometric mean Several formulae for the bulk thermal conductivity
has been used. The average grain thermal conductivity is also derived as a geometric mean; in this case we have used the average mineralogy at a drill site of the Deep Sea Drilling Project in Cascadia Basin (Site 174) (Zemmels & Cook 1973) and corresponding mineral properties determined by Brigaud & Vassuer (1989) . All the physical property values, including those of the porosity parameters, are listed in Table 1 . While these values are derived from observations from the Juan de Fuca Ridge region, they are considered to be reasonable for other turbidite sections as well.
Initial conditions
Since we are looking at a small (hundreds to a few thousands of metres) depth scale and a large (geological) time scale, model solutions are generally very insensitive to initial conditions. Nevertheless, we have modified the lower boundary condition somewhat to avoid infinitely high heat flow as sedimentation begins. The actual thermal state of the Basement thermal capacity' PCb
Minimum porosity
Used for c a m in Fig.5 only. ** See equation (6). basement before sedimentation should be controlled by vigorous ventilated circulation of sea water through the rocks; hence the upper igneous crust will not provide a very large amount of heat to the added materials when sedimentation commences. Only when the basement is sealed by 50-100111 of sediment is convective heat loss prevented and do basement temperatures rise. To simulate this situation, we have used a physically more appropriate, although somewhat ad hoc, initial condition that limits initial heating, in which a 500-111 section of the upper crust is included as part of the starting model. A large conductivity, 30 W m-l K-' (equivalent to a Nuselt number of about 10) is used for this layer to simulate the efficient convective heat transfer present in the upper igneous crust, and the hydrothermal temperature is specified at the lower boundary of this section. This upper crustal layer is thus initially relatively cool, but becomes nearly isothermal at the temperature set at the lower boundary as the overlying thermally resistive sediment layer expands.
RESULTS
Accumulation rates
Rates of sediment accumulation considered in this paper were selected to include geologically reasonable values that were sufficiently high to be important thermally. Although on average, rates of sediment supply appear to have been sufficient to keep pace with subsidence in these rapidly subsiding basins, in detail, the supply has probably been highly variable. The variability is difficult to assess quantitatively, but is probably thermally unimportant, except for the most recent interglacial period during which the sediment supply to the deep sea-floor is known to have diminished to an insignificant level. In both the southern Gorda and northern Juan de Fuca Ridge areas, the thickness of sediment deposited in the last 10000 years amounts to only a few metres (e.g., Al-aasm & Blaise 1991; Normark et al. 1992 ). Thus, in the results described below, we have added to the period of sediment accumulation a 10-kyr period of non-deposition. This period is one of thermal relaxation, and is seen in the results discussed below to be a very important factor in the application of the model.
Temperature-depth profiles
For the cases shown in Fig. 3 , we vary the accumulation rate and compute the temperature-depth profiles in the sediment section for three durations of sedimentation. This approach covers a relatively wide range of geological settings and at the same time keeps the model as simple as possible. A value of 350 "C, typical of ridge settings, is used as the basal temperature, but the results can be scaled for different values.
The periods considered have durations of 40, 100 and 200 kyr. For each accumulation period, profiles associated with four accumulation rates ub, which result in four different final sediment thickness (500, 1O00, 1500 and 2000 m), are illustrated. The sediment accumulation rates, shown in Fig. 3a , seem high, but are reasonable in light of the tectonic strain rates expected in rift environments. The steady-state temperature-depth profiles for the same sediment thicknesses, that is, those presumably observed at an infinitely long time after the cessation of sedimentation, are shown on the same figure (as thin dashed lines) larger sediment thickness for a given duration of subsidence simulations are identical to those shown in Fig. 3a . In all and sedimentation, or a shorter duration for a given cases, the anomalies are significantly reduced. The profiles thickness, both resulting from larger vb. cause greater of all three periods of sedimentation have nearly reached thermal effects. The most extreme case in Fig. 3a After the sedimentation stops, the temperature-depth profiles gradually approach steady state. Therefore, if the temperatures are not observed at the immediate end of a sedimentation period, but after a period of non-deposition, the temperature anomalies will be smaller. To account for the most recent post-glacial period of non-deposition as observed in areas of the northeast Pacific, a 10000yr thermal recovery period has been included in the simulations shown in Fig. 3b . In other respects, the Another useful way to illustrate the magnitude of the thermal effect of sedimentation is given in Fig. 4 , where the sea-floor heat flow after sedimentation is plotted against total sediment thickness. Each of the three solid curves in Fig. 4a (or 4b) is associated with a sedimentation period in Fig. 3a (or 3b) , but in the former the thickness is a continuous variable and in the latter, only four discrete values are shown. Since time is fixed for each curve, thicknesses can be translated as accumulation rates. Again, substantial thermal recovery towards steady-state conditions occurs during the 10-kyr non-deposition period (Fig. 4b) .
The plots also show the errors involved in estimating the depth to the 350°C isotherm, i.e. the sediment thickness (which provides one way of defining the 'permeable basement' in a sedimented hydrothermal system) from heat flow under steady-state assumptions. The same heat flow value is associated with four different sediment thicknesses on each plot depending on the duration of sedimentation, and the steady-state assumption leads to the maximum estimate. In cases where the sediment thickness approaches 20001~1, the depth to the 350°C isotherm could be overestimated by over 500 m. As in the case of temperature profiles (Fig. 3 ), significant effects are seen only when the sediment thickness is greater than about 500m in the continuous sedimentation case and about 1 km in the case following a 10-kyr period of non-deposition.
A comparison with sedimentation on a conductive basement
In the above cases, if sediment sections are relatively thin, the thermal effects of sedimentation are small even when accumulation rates are large. This is because of the constant temperature at the lower boundary which results from efficient convective heat transfer in the basement. If heat transfer in the basement is purely by conduction, the thermal effects of sedimentation are much larger. Here we consider the accumulation of a 500 m sediment section and compare results for three cases. The results are illustrated in The first case is calculated using an isothermal (350°C) lower boundary. The sediment surface heat flow is normalized to the steady-state value (924 mW m-' in this case). Even for the largest sedimentation rate considered (20 mm yr-'), the heat flow is still about 80 per cent of the steady-state value.
In the second case, the steady-state heat flow and all the physical properties are the same as above, but heat is transported to the base of the sediment by conduction. During sedimentation, the base of the sediment section is not kept at constant temperature, but heat flow at great depths (>lo0 km t o approximate infinity) is constant. This is just the Hutchison model (1985) . Because of the inefficient transfer of heat in the basement, to which we have assigned a conductivity value of 2.9 W m -' K -' , the effect of sedimentation on sea-floor heat flow is much larger than in the last case. Even at an accumulation rate as 'small' as 5 m m yr-', the surface heat flow is already reduced to 50 per cent of the steady-state value.
In the third case, the boundary conditions are the same as in the second case, but the sediment porosity is a constant with the value of C#J" in Table 1 . The sediment conductivity, water and sediment velocities are therefore also constant with depth. This case simulates the Von Herzen & Uyeda model (1963) . Because of the absence of upward movement of expelled pore water relative to the sediment, the predicted sedimentation effect on sea-floor heat flow is even larger.
APPLICATION TO SITES IN T H E NORTHEAST PACIFIC
As discussed in the introduction, the model developed here provides an appropriate thermal simulation for sedimentation at a number of locations in the northeast Pacific, where it is evident that hydrothermal circulation in the upper igneous crust has maintained roughly isothermal conditions during sediment burial. Because of the efficiency of the convective transfer of heat into the sediment, however, the magnitude of the thermal effect of sedimentation is insignificant in all cases except those having extreme sedimentation rates and accumulations. This is particularly true when the effect of the post-Pleistocene period of non-deposition is considered. As can be seen in Figs 3b and 4b, the heat flows at the sea-floor and the temperatures at depth are virtually indistinguishable from those that would be present under steady-state conditions in all cases except for those where the sediment accumulation rate exceeds about 10 mm yr-' and the sediment thickness exceeds about 1 km. Thus it is reasonable to assume that the thermal conditions in the sediment sections of most areas of the eastern flank of the Juan de Fuca Ridge, Middle Valley, Escanaba Trough and Guayamas Basin, where sediment thicknesses and sediment accumulation rates fall well below these values, are free of disturbance by sedimentation.
Only in parts of Middle Valley, where the sediment thickness does exceed 1 km, does the sedimentation become thermally important. This is illustrated in Fig. 6 , where temperatures at depth along a seismic reflection profile have been estimated by extrapolating sea-floor heat flow values determined along the same profile. Isotherms are plotted for two cases; in one case it is assumed that steady-state thermal conditions are present; in the other, the effects of a 200 OOO yr period of steady accumulation ending at 10 ka (kyr BP) are included. Continuous temperature profiles calculated for the two cases are shown for the deepest part of the valley in Fig. 7 .
The tectonic and thermal structure and history of Middle Valley is discussed at some length by Davis & Villinger (1992) ; the structure seen in the profile shown in Fig. 6 is fairly characteristic. The topographic expression of this part of the valley is formed by normal faults seen near the ends of the profile that are disposed asymmetrically about the axis of the rift (shown as 0 km on the distance scale) as defined by regional magnetic anomalies. The deepest part of the sediment-filled rift basin has formed as a half-graben with basement (not well defined in the seismic section) and overlying sediments dipping systematically to the west. The profile crosses the valley near a local volcanic centre situated along the axis of the rift which has been active during sedimentation; at the location of this profile, a small intrusion lies at about 500111 below the sea-floor and disturbs, and thus post-dates, the 10-ka sediment surface. The small heat flow anomaly at this location is probably a very early transient signal from this young igneous event. Sediment thicknesses in the eastern part of the valley are considerably less than those along the rift axis, and at one location, basement appears t o rise within a few hundred metres of the sea-floor. In general, the pattern of heat flow follows the variation of sediment thickness across the valley in a simple inverse manner. This is reflected in the estimated thermal structure. The generally asymmetric structure of the valley is mimicked by the heat flow and isotherms, and the highest heat flow occurs where basement comes closest to the surface. Within the resolution provided by the seismic data of the basement surface, the distribution of temperatures a t depth is consistent with the hypothesis that temperatures in basement are buffered by efficient hydrothermal heat transport and maintained a t roughly 350 "C.
The effect of sedimentation is potentially substantial only in the deepest part of the basin. There the depth below the sea-floor to the 350 "C isotherm, computed under steady-state assumptions, exceeds 4 km, whereas accounting for a 200-kyr period of sedimentation followed by the 10 kyr of post-Pleistocene non-deposition moves this surface to a depth of 2.7 km. In both cases, we have neglected horizontal heat transfer in the sediment. The isotherms predicted by the 210-10 ka sedimentation case provide an excellent match to the seismic data, as the 350°C isotherm lies very close to the deepest coherent seismic reflector along the profile.
Despite the high rates of subsidence and sedimentation that must have occurred in this basin, the thermal effects of sedimentation are not large even where sediment accumulation is extreme, and the effects are inconsequential elsewhere. This result is true because of the efficiency of convective heat transport to the base of the sediment section and because of the thermal recovery during the postPleistocene period of non-deposition, as discussed in the preceding section.
CONCLUSIONS
In order to simulate sedimentation on a highly permeable basement formation where heat transport is dominated by vigorous hydrothermal convection, we have developed a numerical model in which the base of the accumulating sediment section is maintained at a constant temperature through time. Based on simulations of cases in the northeast Pacific, we have drawn the following conclusions.
(1) The transient thermal effect of sedimentation on a hydrothermally active basement is usually insignificant, especially when compared to a situation where heat transfer in the basement is by conduction.
(2) Thermal recovery in the post-Pleistocene period of non-deposition further reduces the sedimentation effect by a large amount.
(3) In rare cases where sediment accumulation rates exceed 10 mm yr-' and section thicknesses exceeds 1 km, the sea-floor heat flow and temperature a t depth are diminished significantly. 
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